Context. Transitional disks around young stars with large dust cavities are promising candidates to look for recently formed, embedded planets. Models of planet-disk interaction predict that young planets clear a gap in the gas while trapping dust at larger radii. Other physical mechanisms might also be responsible for cavities. Previous observations have revealed that gas is still present inside these cavities, but the spatial distribution of this gas remains uncertain. Aims. We present high spatial resolution observations with the Atacama Large Millimeter/submillimeter Array (ALMA) of 13 CO and C 18 O 3-2 or 6-5 lines of four well-studied transitional disks around pre-main-sequence stars with large dust cavities. The line and continuum observations are used to set constraints on the the gas surface density, specifically on the cavity size and density drop inside the cavity. Methods. The physical-chemical model DALI was used to analyze the gas images of SR21, HD135344B (also known as SAO 206462), DoAr44, and IRS 48. The main parameters of interest are the size, depth and shape of the gas cavity in each of the disks. CO isotope-selective photodissociation is included to properly constrain the surface density in the outer disk from C 18 O emission. Results. The gas cavities are up to three times smaller than those of the dust in all four disks. Model fits indicate that the surface density inside the gas cavities decreases by a factor of 100 to 10000 compared with the surface density profile derived from the outer disk. The data can be fit by either introducing one or two drops in the gas surface density or a surface density profile that increases with radius inside the cavity. A comparison with an analytical model of gap depths by planet-disk interaction shows that the disk viscosities are most likely low, between between 10 −3 and 10 −4 , for reasonable estimates of planet masses of up to 10 Jupiter masses. Conclusions. The resolved measurements of the gas and dust in transition disk cavities support the predictions of models that describe how planet-disk interactions sculpt gas disk structures and influence the evolution of dust grains. These observed structures strongly suggest the presence of giant planetary companions in transition disk cavities, although at smaller orbital radii than is typically indicated from the dust cavity radii alone.
Introduction
Protoplanetary disks around young stars are the birth cradles of planets (e.g., Williams & Cieza 2011) . Disks with inner dust cavities, also called transition disks, are good candidates to search for young planets that have recently been formed and cleared out their orbit. Dust cavities have been inferred from modeling of spectral energy distributions (SEDs) (Espaillat et al. 2014 , and references therein) and millimeter interferometry (e.g., Brown et al. 2009; Andrews et al. 2011) . Planet candidates have been found in cavities of several transition disks (Kraus & Ireland 2012; Quanz et al. 2013 Quanz et al. , 2015 . However, planet-disk interaction models indicate that dust cavities are only an indirect consequence of planet clearing: a planet will lower the gas surface density along its orbit, creating a gas gap with a pressure bump at its outer edge where the millimeter-sized dust is trapped (e.g., Zhu et al. 2011; Dodson-Robinson & Salyk 2011; Pinilla et al. 2012) . The result is a millimeter-dust ring (or in particular cases an azimuthal asymmetry that is due to a Rossby-wave instability of the pressure bump, van der Marel et al. 2013; Fukagawa et al. 2013; Casassus et al. 2013 ) and a gas cavity that can be up to twice as small as the radius of the dust ring. Other mechanisms that could cause a dust cavity or dust ring are photoevaporation (Clarke et al. 2001 ) and instabilities at the edges of dead zones (e.g., Regály et al. 2012) . Measuring the gas density inside the cavity is essential to distinguish between these mechanisms: photoevaporation clears the dust and gas from the inside out, dead zones do not change the gas density inside the cavity, and planetary clearing creates a gas cavity. Furthermore, the decrease of gas surface density inside the gas cavity radius depends on the mass of the companion and the disk viscosity. More generally, the fundamental properties of a disk are the gas-to-dust ratio and gas surface density profile because the gas does not necessarily follow the dust distribution.
The presence of gas inside the dust cavities was discovered through accretion (e.g., Valenti et al. 1993; Najita et al. 2007) and H 2 emission (Bergin et al. 2003; Ingleby et al. 2009 ). Other first indicators of warm molecular gas inside the cavities were near-infrared observations of CO rovibrational lines, in several cases revealing a gas cavity that was indeed smaller than the dust cavity (Pontoppidan et al. 2008; Brittain et al. 2009; Salyk et al. 2009; Brown et al. 2012) . As a result of a combination of high critical densities and non-LTE excitation, rovibrational CO data can be difficult to interpret, and derived gas masses are highly model-dependent.
To properly derive the molecular gas densities, CO pure rotational line observations are required. For a handful of disks, pioneering interferometers such as SMA and PdBI have revealed gas inside the cavity through CO rotational lines: AB Aur (Piétu et al. 2005) , GM Aur (Dutrey et al. 2008) , and HD 135344B (Lyo et al. 2011) . Spatially resolved ALMA observations of 12 CO emission confirm the presence of gas inside the dust cavity for several other disks (van der Marel et al. 2013; Casassus et al. 2013; Pérez et al. 2014; Zhang et al. 2014; Canovas et al. 2015) . Using a disk model based on the dust structure derived from the SED and millimeter imaging, the 12 CO data suggest a gas density decrease of one or two orders of magnitude inside the dust cavity compared to the density profile of the outer disk (van der Marel et al. 2015b ). On the other hand, the dust density decreased by at least three orders of magnitude inside the cavity. For IRS 48 and J1604-2130, the gas cavities are sufficiently empty so that 12 CO becomes optically thin inside the dust cavity, and it was found that the gas cavity radius is indeed smaller than the dust cavity Zhang et al. 2014; van der Marel et al. 2015b) , consistent with predictions for the planet-disk interaction. The same result was found for HD 142527 using CO isotopolog observations .
Since detecting planets in disks is challenging, quantifying the gas density structure of the disk inside the cavity can provide important clues on the properties of embedded unseen planets. The depth and shape of the gap depend primarily on the planet mass and the disk viscosity (Zhu et al. 2011; Pinilla et al. 2012; Fung et al. 2014 ). These models show that a planet does not create a steep gas gap, but a gradual decrease over several AUs. While spatially resolved 12 CO can provide some information on the gas density profile, the emission remains optically thick throughout most of the disk and is thus not a very good absolute density tracer. Spatially resolved CO isotopolog observations are required to constrain the outer disk mass and the gas cavity radius, as well as the depth and potentially the shape of the gas surface density profile.
Converting CO emission into density is not trivial either: the CO abundance with respect to H 2 varies throughout the disk due to photodissociation by the stellar UV radiation and freeze-out onto dust grains in the cold regions in the midplane and outer disk (van Zadelhoff et al. 2001; Aikawa et al. 2002) . CO photodissociation is subject to self-shielding. As CO isotopologs have lower abundances, they are not selfshielded until deeper into a cloud or disk (Bally & Langer 1982; van Dishoeck & Black 1988; Visser et al. 2009 ). Therefore, disk models that do not include isotope-selective photodissociation predict higher CO abundances than when this effect is included, as recently demonstrated by Miotello et al. (2014) . In addition, the gas temperature is decoupled from the dust temperature in the upper layers in the disk and at the directly heated cavity wall (e.g., Kamp & Dullemond 2004; Jonkheid et al. 2004; Gorti & Hollenbach 2008) . For a proper interpretation of CO emission, the physical and chemical structure of gas and dust needs to be modeled. We make use of physical-chemical modeling with DALI (Bruderer et al. 2012; Bruderer 2013) , which simultaneously solves the heating-cooling balance of the gas and chemistry to determine the gas temperature, molecular abundances, and molecular excitation for a given density structure.
In this paper, we present ALMA Cycle 1 and 2 observations of CO isotopologs 13 CO and C 18 O at ∼ 0.2 − 0.25 ′′ resolution of four additional well-studied transitional disks: SR 21, HD135344B, DoAr44, and IRS 48. For IRS 48, the 6-5 transitions are observed and for the other disks the lower 3-2 transitions. Previously derived models from 12 CO ALMA observations van der Marel et al. 2015b ) of IRS 48, SR 21 and HD135344B are used as a starting point for analyzing the isotopologs. With DALI we determine a gas density structure that is consistent with the CO observations, SED, and continuum dust interferometry. Information on the hot gas and dust from the literature is included. The goals of this study are to determine the gas surface density profile, specificially the size, depth, and shape of the gas density structure inside the dust cavity, to constrain the properties of potential embedded planets.
The paper is structured as follows. In Sect. 2.1 we describe the details of the ALMA observations. In Sect. 2.2 we present moment maps of the 13 CO and 18 CO observations. The modeling approach is presented in Sect. 3. Section 4 presents the modeling results. Section 5 discusses the implications for embedded planets in the disk.
Data
The observations were obtained during ALMA Cycle 1 and 2 in June and July 2014, with baselines ranging from 20 to 1100 m, probing scales from 0.15 to 8 arcseconds. The sources and their properties are summarized in Table 2 .
Observational details
The disks SR 21, HD 135344B, and DoAr 44 were observed in ALMA Cycle 1 program 2012.1.00158.S (PI van Dishoeck) in Band 7 (∼335 GHz or 896 µm) with a resulting spatial resolution of 0.2-0.25". The observations were taken in four spectral windows of 3840 channels: three windows have a bandwidth of 469 MHz (channel width 122 kHz, equivalent to 0.1 km s −1 ), centered on the 13 CO 3-2, C 18 O 3-2, and CN 3-2 transitions with rest frequencies of 330.58796, 329.33056, and 340.24778 GHz, respectively. The fourth spectral window was centered on 342.15000 GHz with a bandwidth of 1875 MHz (channel width 488 kHz, equivalent to 0.5 km s −1 ) aimed at higher continuum sensitivity. The total continuum bandwidth was ∼3.2 GHz. For HD135344B, the flux was calibrated using Ceres, and J1427-4206 was used for calibration of both bandpass and gain. SR 21 and DoAr 44 were observed in one scheduling block, with Titan as flux calibrator, J1517-2422 as bandpass calibrator, and J1625-2527 as gain calibrator. In both objects, the flux calibrator (Ceres resp. Titan) is highly resolved on long baselines. The gain calibration on the flux calibrator was thus performed using a subset of the antennas. The total on-source integration time was 30 minutes each for SR 21 and DoAr 44, and 54 minutes for HD 135344B.
IRS 48 was observed in ALMA Cycle 2 program 2013.1.00100.S (PI van der Marel) in Band 9 (∼680 GHz or 440 µm) with a resulting spatial resolution of 0.15-0.2". The observations were taken in four spectral windows of 1920 channels: three windows with a bandwidth of 937. MHz (channel width 977 kHz or 0.5 km s −1 ) aimed at higher continuum sensitivity. The total continuum bandwidth was ∼4.7
GHz. The flux was calibrated using J1517-243, the bandpass with J1427-4206 and the gain with J1626-2951. J1700-2610 was 
7.8 1.6 2.2 6590 6 · 10 set as secondary gain calibrator, but not used in the final calibration. The total on-source integration time was 52 minutes. The data were calibrated and imaged in CASA version 4.2.1. Given the high signal-to-noise ratio of these observations, amplitude and phase self-calibration was performed after standard phase referencing. The data were cleaned using Briggs weighting with a robust factor of 0.5, resulting in a beam size of ∼ 0.25" × 0.20" (Cycle 1 data) and ∼ 0.19" × 0.15" (Cycle 2 data). Table 2 lists the observational properties of the continuum and spectral line maps of the imaging results.
Continuum and line maps
Figures 1 and 2 show the zero-moment 13 CO and C 18 O maps and spectra and the velocity map (first moment) of the 13 CO and the continuum. The spectrum was extracted from the region of the zero-moment map size. Channel maps of the 13 CO emission are given in the Appendix. Three of the four sources, HD135344B, DoAr44, and IRS48, show a clear hole in the 13 CO and C 18 O images (Figs. 1 and 2) that was not seen in 12 CO (van der Marel et al. 2015b ). IRS48 shows a full gas ring in 13 CO, which does not suffer from foreground absorption found in the 12 CO ). On the other hand, the foreground absorption seen in the 12 CO emission of SR 21 (van der Marel et al. 2015b) also affects the 13 CO spectra. All CO data reveal rotating gas disks with inclination >15
• , with a double-peaked velocity profile. The gas rings for HD135344B, DoAr44, and IRS 48 are in all cases smaller than the continuum cavities, as shown directly in the 13 CO panels in Figs. 1 and 2 and in the radial cuts in Fig. 3 . The emission inside the gas cavities is at least a factor of 2 lower than in the surrounding rings. In contrast, SR 21 does not appear to have a cavity in the gas at this spatial resolution. The peak S/N in the integrated maps is 12-30 for 13 CO and 5-20 for C 18 O. The 13 CO channel maps and velocity maps are used to derive the stellar position, the position angle, inclination, and source velocity, which are within errors consistent with the values derived from the 12 CO data (van der Marel et al. 2015b ). The derived parameters are given in Table 2 .
The continuum images show ring-like structures for SR21, HD135344B, and DoAr44 and a highly asymmetric structure for IRS 48, as seen in previous Cycle 0 data (van der Marel et al. 2013) . The S/N on the continuum ranges between 130 and 500 for the different disks. The Band 7 continuum data of SR21 and HD135344B show minor azimuthal asymmetries with a contrast lower than a factor 2, similar to the Band 9 continuum (Pérez et al. 2014; van der Marel et al. 2015b) , although the asymmetry in SR21 appears to be less pronounced in Band 7 than in Band 9. The Band 9 and Band 7 continuum images are compared and analyzed in Pinilla et al. (2015) . The continuum emission in IRS 48 is discussed in van der Marel et al. (2015a) . Fig. 3 . Normalized intensity cuts through the major axis of each disk of the 13 CO 3-2 emission (red) and the dust continuum emission (blue). In case of IRS48, the deprojected intensity cut of the minor axis is taken so as to cover the (asymmetric) continuum profile. The cuts clearly reveal that the gas cavity radii are smaller than the dust cavity radii.
Modeling

Physical model
As a starting point for our models we adopted the physical structure suggested by Andrews et al. (2011) , as implemented by Bruderer (2013) and fully described in van der Marel et al. (2015b) . The surface density Σ(r) is assumed to be a radial power-law with an exponential cut-off following the timedependent viscosity disk model ν ∼ r γ with γ = 1 (Lynden-Bell & Pringle 1974; Hartmann et al. 1998 )
The gas and dust follow the same density profile, but the gas-todust ratio is varied throughout the disk, as shown in Fig. 4 . Inside the cavity, the dust density is zero, except for the inner disk, which is set by δ dust . The gas density inside the cavity is varied with drops δ gas . In the outer disk, the gas-to-dust ratio is fit by a constant number. The vertical structure is defined by the scale height h c and the flaring angle ψ, following h(r) = h c (r/r c ) ψ . The fraction of large grains f ls and the scale height of the large grains χ are used to describe the settling. More details on the star, the adopted stellar UV radiation, the dust composition, and vertical structure are given in van der Marel et al. (2015b) .
Model-fitting approach
The best-fit models from Table 4 in van der Marel et al. (2015b) were used as initial model for the vertical structure and dust density structure for SR21 and HD135344B, based on a combination of SED, dust 690 GHz continuum visibility, and 12 CO 6-5 modeling. These models were fit by eye, starting from a surface density and cavity size consistent with the millimeter visibility curve, followed by small adjustments on the inner disk parameter (δ dust ) and vertical structure to fit the SED. For the fit to the 12 CO data, the gas surface density was taken initially assuming a gas-to-dust ratio of 100, and the amount of gas inside the cavity was subsequently constrained by varying the δ gas parameter, where Σ gas = δ gas Σ gas for r < r cav . The dust density inside the cavity (between r gap and r cavdust ) was set to be entirely empty of dust grains. SR21 is an exception: a small amount of dust was included between 7 and 25 AU, following van der Marel et al. (2015b) . The dust structure of DoAr44 is analyzed in a similar way in Appendix B through SED and dust 345 GHz continuum visiblity modeling. For IRS48, we used the model derived by Bruderer et al. (2014) , although we chose to use an exponential power-law density profile instead of a normal power-law, to be consistent with the other three disks in this study.
With the new CO isotopolog data, we used the initial dust structure model and only varied a small number of parameters to fit the CO emission by eye by subsequent adjustments of the surface density, gas-to-dust ratio, outer radius, and the δ parameters to fit the amount of gas inside the cavity. These are shown to be the most relevant parameters by our previous modeling. We did not use a χ 2 or Markov chain Monte Carlo (MCMC) method because the computational time of the models is too long and the number of parameters too large. Formal uncertainties of model parameters, the uniqueness of the fit and correlation between parameters cannot be computed directly, but the density and δ parameters are estimated to be within an order of magnitude and the radial parameters to within 5 AU based on a small model grid (see also Figs. 5 and C.1).
The outer disk CO emission and submillimeter continuum flux were fit simultaneously by varying Σ c and the gas-to-dust ratio. The outer radius r out was set by fitting the CO spectrum (the maxima in the spectra or double peaks that arise from the Keplerian motion) and provides outer boundaries for computing the gas masses. Using this surface density profile, the emission inside the cavity is constrained by the δ parameters (Fig. 4) . The near-infrared excess determines the dust density in the inner disk through δ dust . The gas cavity radius r cavgas and drop δ gas2 were fit Fig. 4 . Generic surface density profile for the gas and dust. Notes. a) HD13=HD135344B. b) The masses are only constrained within r out for the detected surface brightness. c) The drop inside 7 AU could not be constrained by the ALMA data; we adopt the value from CO rovibrational spectroastrometry by Pontoppidan et al. (2008) .
d) The uncertainties on the gas cavity size are typically 5 AU and lower than one order of magnitude on the depth of the drop.
to the CO emission. In some cases, an additional drop in gas surface density is required between r cavgas and the dust cavity radius r cavdust . This drop is indicated by δ gas .
The main parameters that are varied are the gas cavity radius r cavgas and the drop in gas density δ gas2 between r sub and r cavgas . The CO isotopologs provide better constraints on the density than the 12 CO because they are less optically thick ( 13 CO) or even optically thin (C 18 O). The effects of isotope-selective photodissociation are properly considered in the modeling and are discussed in Sect. 4.3.
Results
Data and models are compared through the spectra and the zeromoment maps (intensity maps) of both 13 CO and C 18 O. For each target we show the direct comparison of the images of the intensity map of the best-fit model and the constraint on both r cavgas and δ gas2 through spectra and intensity cuts through the major and minor axis of the zero-moment map.
In three of the four targets an inner gas cavity (smaller than the dust cavity) was required to fit the data. In SR21 the 7 AU cavity previously derived from rovibrational emission was adopted, but no gas cavity is resolved at the spatial resolution of ∼ 0.2" (24 AU) in our observations. In all disks, the depth is constrained to within an order of magnitude and the cavity size to within ±5 AU, mainly through the comparison of the spatially resolved emission, but further confirmed by the line wings in the spectra. In the intensity cuts in Fig. 5 the δ gas2 parameter is varied. The comparison shows that the uncertainty on the density drop is lower than an order of magnitude. In Appendix C we show the intensity cuts for larger and smaller gas cavity radii, respectively. These plots show that the uncertainty on the gas cavity radius is typically 5 AU and the uncertainty on the depth is lower than one order of magnitude. Furthermore, in both SR21 and DoAr44 an additional drop δ gas between r cavgas and r cavdust is required to fit the data.
The models of the 12 CO fits of van der Marel et al. (2015b) match the isotopolog data in the outer disk remarkably well. Only minor corrections in surface density and gas-to-dust ratio were required to fit the new data. However, inside the cavity the previously derived results for the gas surface density were found to be inconsistent. A modest drop in the gas density inside the dust cavity radius r cav was sufficient to explain the 12 CO data, but no gas cavity was seen. Since the gas cavity becomes visible in the isotopolog data and turns out to be smaller than the dust cavity radius, the gas cavity radius r cavgas could be fit independently of the depth.
Results for individual targets HD135344B
HD135344B shows a clear gas cavity, both in 13 CO and C 18 O images, which is significantly smaller than the dust cavity (see top two panels of Fig. 1 ). The modeling constrains the gas cavity radius to 30 AU (dust cavity radius is 40 AU), and the drop is 2 · 10 −4 (top right panels in Fig. 5) . Previously, the model based on the 12 CO data required δ gas of 10 −1 − 10 −2 for a cavity radius of 40 AU. A 30 AU gas cavity was also derived in van der Marel et al. (2015b) considering the inner radius of the small dust grains derived from the scattered-light emission (Garufi et al. 2013 ), but a δ gas value as low as ∼ 10 −4 underproduces the 12 CO emission inside the cavity. As the 12 CO is optically thick and mainly traces the temperature at the τ = 1 surface, this new result suggests that the temperature structure is somewhat higher than in our model, perhaps because of some residual dust in the cavity (increasing the CO abundance by its shielding and changing the heating-cooling balance) or the vertical structure (shadowing on the outer disk) (see Bruderer 2013 , for a detailed discussion).
The residual of the 13 CO emission (left panels in Fig. 5 ) shows that the model overpredicts the emission in the outer disk (>0.5"). On the other hand, the C 18 O residual underpredicts the emission in the outer disk. The residuals are spatially insignificant, but integrated over the whole disk, they are most likely related to real structure, suggesting an outer gas ring with a possible gap. The radius of ∼ 100 AU coincides with a suggested planet that is launching one of the spiral arms observed in scattered-light observations (Muto et al. 2012) . If there is indeed a planet at this large orbit, it is expected to clear a gap in the gas, which might explain the structure in the outer disk. As the focus of this study is on the emission inside the dust cavity, this is not investigated further.
SR21
Unlike the other disks, the CO emission in SR21 does not appear to have a cavity. Rovibrational CO emission suggests a gas cavity of 7 AU radius (Pontoppidan et al. 2008 ) that remains unresolved at the ALMA spatial resolution (14 AU diameter∼0.12"). The physical model includes this 7 AU cavity. The 12 CO emission already indicated a drop in density between 7 AU and the dust cavity radius of 25 AU. The intensity cuts of the CO isotopologs also suggests a drop in density considering the strength of the emission (right panels in Fig. 5) . According to the model fitting, this drop is of about two orders of magnitudes.
DoAr44
DoAr44 is the only disk in this study with a symmetric dust ring. The dust cavity radius was found to be 32 AU (see Appendix B), using the same modeling approach as in van der Marel et al. (2015b) . The cavity size and disk mass are similar to previous studies of SMA 345 GHz continuum data . The drop in dust density inside the cavity (δ dustcav ) is at least a factor 1000. The CO isotopolog intensity maps have a lower S/N than the other disks, probably because of the lower disk mass, but still show a gas cavity that is only half the size of the dust cavity: 16 AU. The δ gas2 inside 16 AU is at most 10 −4 . An additional drop in gas density between 16 and 32 AU of 10 −2 is required to fit the emission (right panels in Fig. 5 ).
IRS48
The CO isotopolog emission in IRS48 confirms the presence of a gas cavity with a considerably smaller radius than that of the peak of the dust asymmetry (60 AU), as found by Bruderer et al. (2014) , consistent with the 30 AU gas ring found in rovibration CO emission (Brown et al. 2012) . To be consistent with the models of the other disks, we assumed a radial power-law with exponential cut-off instead of a simple power-law as done by Bruderer et al. (2014) , but a similar vertical structure, density structure, and mass are found as in their study. Because DALI considers only axisymmetric models, the millimeter continuum asymmetry is not fit: the total submillimeter flux, the VISIR 18µm image and the SED are again used to constrain the dust density and dust cavity radius. The gas cavity radius is found to be 25 instead of the 20 AU found by Bruderer et al. (2014) , but this is within the uncertainty on the radius, and no additional drop between 25 and 60 AU in density is required to fit the emission (right panels in Fig. 5) .
13 CO shows a full ring of emission. However, the emission is weaker at the location of the dust trap, as seen in the residual image (left panels in Fig. 5 ). The 13 CO emission is barely optically thick at the dust trap radius of 60 AU (the τ = 1 surface is at the midplane), and the drop in emission is most likely due to the continuum optical depth or a drop in temperature caused by the local increase of dust density. The S/N of the C 18 O emission is too low to show the gas ring or this local drop in emission, but the data were used to set constraints on the gas density.
Gradual drop
The structure with two gas density drops inside the cavity found in DoAr44 and SR21 (and previously in IRS 48, Bruderer et al. 2014) has been interpreted as the result of multiple planets at different orbits. An alternative explanation is a gradual drop or increasing surface density profile inside the cavity. To investigate this, we ran additional models and replaced the exponential power-law Σ(r) by an increasing exponential law between r cavdust and r cavgas , motivated by planet-disk interaction models, following
where the width w is given by
.
The width was chosen to connect Σ(r) at r cavdust and r cavgas , fitting δ gas2 , and no new parameters were introduced. This straight connection is further motivated by the shape of the gaps in Fig.  7 in de Juan Ovelar et al. (2013) of planet-disk interaction models. Using the above relation and the derived cavity radii, the drop in density is derived again for the best-fitting model (see Fig. 6 ). The best-fitting values are within a factor of 2 of the δ gas2 values in the vertical drop model (Table 3) : we find 2·10 −4 , 10 −3 , 2·10 −4 , and 5·10 −2 for HD135344B, SR21, DoAr44, and IRS48 respectively, although IRS48 is a poor fit compared to the double-drop model. However, the outer radius of the slope (r cav ) of 60 AU has been constrained from the SED and VISIR image instead of from the millimeter continuum, as in the other disks, because of the asymmetric structure. This makes this approach rather uncertain. Another possibility is that a combination with other clearing mechanisms is responsible for the different drop shapes.
Isotope-selective photodissociation
The main process regulating the survival of CO in disks, photodissociation, does not equally affect different CO isotopologs (van Dishoeck & Black 1988) .
12 CO becomes optically thick at low column densities and shields itself throughout the disk from the photodissociating flux. On the other hand, less abundant isotopologs, like C 18 O, are not self-shielded until much deeper into the disk and continue to be photodissociated. This results in regions where C 18 O is less abundant than predicted by a constant [ 16 O/ 18 O] ratio found in the interstellar medium. Accordingly, this leads to reduced C 18 O line intensities. The importance of isotope-selective effects varies depending on disk parameters, dust properties, and the stellar far-ultraviolet field (Miotello et al. 2014) . The UV field is calculated at each position in the DALI model taking into account the local dust density.
For this reason, isotope-selective photodissociation has been implemented in the modeling of all disks in our sample. Isotopeselective effects are substantial only for C 18 O line emission and in the outer disk regions, where the bulk of the gas phase CO is located (Fig. 7) . The effect on the outer disk emission is not detectable for SR21. On the other hand, IRS48 has an even lower disk mass but shows a significant difference. This may be related to the low gas-to-dust ratio in this disk. This shows that isotopeselective photodissociation depends on the combination of disk and stellar parameters and not only on the total disk gas mass.
Interestingly, isotope-selective photodissociation only affects the CO isotopolog emission in the outer disk (instead of Fig. 6 . Comparison of the intensity cuts between the best-fit models (blue) and a gradual model (red) as defined in Eq. 2. The right panel gives the density profile. All disks except IRS48 can be fit equally well with this gradual increase profile.
inside the cavity), probably because of the lower CO column densities and the temperatures. In these conditions the isotopeselective photodissociation is more effective. A similar result was found in full disks, where the regions strongly affected by isotope-selective processes were located in the outer colder regions (Miotello et al. 2014) . However, this is only true for conditions in these four disks. Possible effects in more extreme scenarios cannot be excluded.
Discussion
The main outcome of Fig. 3 and the modeling is that all four transition disks have gas inside the cavity, with a gas cavity that is smaller than the dust cavity (for SR21 adopted from Pontoppidan et al. (2008) ). The CO isotopologs confirm the main result from the 12 CO data: gas is present inside the dust cavities and decreases less in density than the millimeter-dust. With the new optically thin isotopolog data, the density profiles are now much better constrained than those based on 12 CO data alone (van der Marel et al. 2015b) .
Two other transition disks have been sufficiently spatially resolved in CO and continuum to also confirm a gas cav- Fig. 7 . Comparison of the spectra of the C 18 O emission with (red, ISO) and without (blue, NOISO) implementing isotopeselective photodissociation. HD135344B, SR21, and IRS48 differ by up to a factor of 2, while no difference is seen for DoAr44.
ity smaller than the dust cavity: HD142527 (Fukagawa et al. 2013; Perez et al. 2015) and J1604-2130 (Zhang et al. 2014; van der Marel et al. 2015b ). To date, no counterexample has been found for which the gas follows the same distribution as the dust. This hints at the exciting possibility that the origin of transition disks indeed lies in embedded planets that have cleared their orbit in the gas and trapped the millimeter-dust at the edge.
An upper limit on any embedded companions has been derived for HD135344B using direct imaging in Vicente et al. (2011) : less than 1 brown dwarf mass at >37 AU radius. For SR21, companions with q > 0.01 or > 10M Jup are ruled out for 11-21 AU orbital radius according to near-infrared aperture masking interferometry . For the other two disks no limits on companions are known. Unfortunately, the derived limits are outside the orbital range suggested by our gas cavity radii, assuming the companion orbital radius is close to the gas cavity radius.
The difference between gas and dust cavity radius can be compared with modeling results of planet-disk interaction by de Juan Ovelar et al. (2013) . They show a relation between the observed dust cavity wall in the near-infrared (SPHERE-ZIMPOL predictions), tracing the small dust grains, and the millimeter-dust cavity wall as observed by ALMA. Simulations were run for different planet masses at different radii ( Fig. 8 and Eq. 1 in de Juan Ovelar et al.). The simulations were performed assuming a viscosity of α ∼ 10 −3 for a disk of 0.05 M ⊙ . The ratio between the two radii f (M p ) is found to follow
with c ∼ 0.85, and γ ∼ [−0.22, −0.18, −0.16] for planet orbital radius = [20, 40, 60] AU, respectively. Assuming that the small dust grains follow the gas, this relation can be directly applied to our cavity radii. The gas-to-dust cavity radii ratios for our targets are 0.75, 0.28, 0.5, and 0.42 for HD135344B, SR21, DoAr44, and IRS48, respectively, with gas cavity radii of 30, 7, 16, and 25 AU. Using the γ = −0.22 relation (closest to our gas cavity radii), planet masses are predicted to be 2, 11, and 25 M Jup for HD135344B, DoAr44, and IRS48. For SR21, we extrapolate γ for the 7 AU gas cavity radius to be -0.26, resulting in a planet mass of 71 Jupiter masses. The derived masses remain uncertain because of the fixed viscosity in the models: a lower viscosity would result in lower masses. Another way to compare the observations with planet-disk interaction models is using the δ gas2 drop value. The outcome of the gradual drop model is particularly interesting because it better resembles the shape of the gap carved by a planet, as seen in planet-disk interaction simulations (Crida et al. 2006; Zhu et al. 2011; de Juan Ovelar et al. 2013; Fung et al. 2014) . Fung et al. (2014) have derived an analytical prescription based on the outcome of numerical simulations of the depth of the gap, which can set constraints on the mass of the planet in combination with the viscosity in their Eq. 14: 
with q the mass ratio between planet and star, α the viscosity parameter, h/r the scale height, and Σ gap /Σ 0 the drop in density, or δ gas2 . The equation is only valid for q = 10 −4 − 10 −2 . A similar relation was recently derived by Kanagawa et al. (2015) . The derived parameters can thus provide an estimate for the planet mass, assuming a certain viscosity value. The relation has a very strong dependence on h/r because of the strong dependencies of the torque on the disk angular frequency. We note that the disks of these simulations are isothermal to make h/r constant as a function of radius. Since the gas temperature has in reality a strong vertical gradient that is due to the UV heating, especially at the cavity wall, this makes Eq. 5 uncertain. On the other hand, these processes occur close to the midplane, and the isothermal approximation is not entirely incorrect. In applying the relation to our findings, h/r is only marginally constrained by our models because of the degeneracies in SED modeling. As h/r = c s /v k , with the sound speed c s ∝ √ T and v k the Keplerian velocity, it can also be computed directly from the derived midplane temperatures. We find h/r in our models at the gas cavity radius of 0.077, 0.063, 0.048, and 0.11 for HD135344B, SR21, DoAr44, and IRS48, respectively, which is generally not too different from the h/r derived from our radiative transfer modeling. Using these values for h/r in combination with the δ gas2 values derived for the gradual drop models for our disks, planet masses can be derived for α between 10 −2 and 10 −4 . For α = 10 −2 , the q-values are > 0.01 (except for DoAr44), which is beyond the range for which the analytical relation was derived. Higher qvalues, implying substellar mass companions, would result in eccentric gaps and/or entire disruption of the disk, which is why the relation is no longer valid. For reasonable planet masses (up to 10 Jupiter masses) that are consistent with the upper limits for companions mentioned above, this implies low viscosity values between α ∼ 10 −3 and 10 −4 , much lower than found in the TW Hya and HD163296 disks based on turbulent broadening (Hughes et al. 2011) .
The estimates derived here remain highly uncertain because of the uncertainties in our modeling and the assumptions in the numerical models: the relation was empirically derived based on the outcome of numerical simulations with several important limitations: the vertical structure is isothermal, accretion onto the planet is ignored, and the dust and gas are coupled, which is not true for a realistic physical disk. However, the δ gas or Σ gap /Σ 0 , has been measured for the first time with an accuracy of better than an order of magnitude with these new observations. This parameter is inversely linear with q or planet mass and sets a constraint on the properties of these potential embedded planets.
Conclusions
We have analyzed high spatial resolution ALMA submillimeter observations of 13 CO and C 18 O line emission from four transition disks using full physical-chemical modeling. Using a previously derived surface density model of the dust, based on the SED and millimeter continuum visibilities, a physical model of the gas and dust was derived for each of the disks. The structure and amount of gas inside the cavity is the main point of interest as it gives direct information about potential embedded planets.
1. All four disks show a gas cavity that is up to twice as small in radius as the dust cavity. Two other examples are known from the literature. 2. All disks can be fit to a gas density model with one or two drops in the gas density inside the cavity. 3. The gas density inside the cavity drops by at least a factor of 1000 compared to the gas surface density profile of the outer disk. 4. An alternative model with a gradual increase of surface density with radius inside the cavity fits the data equally well for three of the four disks. 5. The derived values of the gas mass from the CO isotopologs are within a factor of a few compared to previously derived values from spatially resolved 12 CO observations, submillimeter continuum, and a gas-to-dust ratio of 100. The isotopologs are crucial for the gas density profile inside the cavity, however. 6. The depth of the gas density drop indicates that the viscosities in these disks are low for reasonable companion masses.
These spatially resolved isotopolog data point to embedded planets as by far the most likely explanation. 
